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NATIONAL ADVISORY COMMITTEE FOR ABRONAUTICS

TBECHNICAL NOTE NO. 1009

ANALYSIS OF DEEBP RECTANGULAR SHEAR WZB ABOVE BUCKLING LOAD

By Samuel Levy, Ruth M. Woolley, 'and, Josephine N. Corrick

SUMMARY

A solution of Von Karmin's equations for plates wilth
large deflectlons is presented for the case of .a rectangular
shear wedb with helght-to-width ratio 2.5 reinforced by ver-
tical struts having one-fourth the welght of-the shear web.
The results are compared with the solution ‘'of NACA TN No. 962
for & square shear web and with approximate -anglyses by Kuhn .
and by Langhaar.

R

The computed shear deformation differed not more than 2
percent from that for the square web. The stresses at the
center and at the corners in line with the diagonal tension
wrinkles and the. force at the middle of the struts differed
by not more than 30 percent from that for the square wsb.
Kuhn's a2nalysis gave values of shear deformation and of,
stresses that were up to0 37 percent larger than those for the
present aralysis, and values for the maximum force in the
struts that were smaller. Langhaar's analysis gave values
for the shear deformafions, stresses, and strut force that
were generally much larger than those glven by the present
analysis; the differences were of the order. of 50 to 400 per-
cent at the largest load.

INTRODUCTION

An analysis of 2 square shear web above the buckling
load was presented in reference 1, Aatual shear webs are
frequently rectangular rather than square, with a depth-width
ratlio considerably greater than 1. The analysis of reference
1 therefore was repeated for a shear web with depth/width
= 2,5, Comparison of the results with those for the sgquare
web then would indicate the effect of changes in the depth-
width ratio.
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This investigation, cornducted at the National Bureau of
Standards, was sponsored by and conducted with the financial
assigtance of the National Advieory Committee for Aeronautics.

SYMBOLS

The symbols have the following significance {(see fig.
1v):

x,¥y ococordinate axes with origin at corner of plate

a length of plate 4in x-direction

b = 2.6a2 length of plate in y~direction

h thickness of plate

w deflection of plate

B Young'e modulus

b =v767T = 0.316. Polsson's ratio

D = Bh®/12(1 - u®) flexural rigldity of plate

P stress function

Q shear load carried by beam

Ox average normal stress in plate in x~direction

E} average normal stress in plate in y-direction

T medlan fiber ehear stress at corners of plate
r = 1/4 ratio of strut weight to plate weight

P compresasive force in strut

ex'r ey" ny' median fiber strains

Ox's Op's Txy' median fiber stresses

ox's U&", Tyxy" ©xtreme fiber bending stresses
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Ox+ Oys Txy extreme flber stresses
4p, Bp, bp,n coefficients in stress funection
¥m,n coefficlent in deflection function

m,n integral numbers used as sudbseripts ~ - firge 0w
¥ = 2.632 T/B apparent shearing deformation of beam

u,v displacements in x- and y-directions, respectively

o

lateral pressure in Von Karman's equations

o angle between direction of maximum principal stress and
x-gxis

FUNDAMENTAL EQUATIONS

Consider an initially flat rectangular plate of uniform
thickness, The two short edges are mssumed to be esimply sup-
rPorted by heavy flanges, integral with the plate, which allow
rotation about the edges, but prevent displacement parallel
to the edges and force the edges to remain straight. The two
long edges are simply supported by struts, integral with the
plate, which allow rotatlon about the edges, allow displace-
ment parallel to the edges corresponding to the shortening of
the strut under load, but maintain the edges in a straight
line. The panel and struts transfer a shear load @ shown
in figure 1.° -

The fundamental equations governing the deformation of

thin plates were developed by Von Karman. They are (see ref-
erence 2, pp. 322-323):

4 : 4 < x4 '~3 a " A8 - - 2 -
°F, 2 ¥ +-”‘=E[(£__) 2w 9_3] (1)

ox* dx2 Jdyg _ doy4 x By ..3x8 . dys3
4 PR 4, 2 ""'a“ I L
o_w + 2 9 L + 0w = ' (a F ! 9w , LA N
ax* dx2 JyB oy * ox®
. +'68FJahw‘~-2 38F day ) (2)

ax® ay® = 3x ay ax oy
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whers the median-~fiber stresses are

. a2 3 )
oxt = &L, oyt 2 Ly rps ol 20 o 8
3y*® ax? ax 3y :
and the median fiber strains are ok
- - + «
a - . xa
ot = L (3% RN . e
B Noy® . ox®
‘ . . . SRR P O v, ou
ey' = X (@;E ~ o 25EN f (4)
S 3y Praeser
af o Ry
Yot =-2 (1ap) 2E
4 ol 3x 3y ).
The extreme fiber_bending stressea are
. o o "‘?r-l o ; i \ U W
' et s ta R St 4, + ). L
S 'Gx".F . - (B w *'E* 9w > LI TEL RS
I. - ?(1 — Pi ) ay : .u o o B
C ey e .- N . L . 'a .. a : ] o K - o .-._M . L s
SR -Oy" = e Bh 3 + '§:1>'q > 5. (B)
PR ' .2(1 - ‘J.B . ay.z ‘ ax’a AP PR R R ,
Txy. |l = O-. Eh . . . axa;w ". o ; - |
2(1 + p) ax 3y J .
t- "+
Buckling Load : o b

.The theory for determining the buckling load of a asimply
supported rectangular plate under .shear loads 1s given by
Timoshenko on pages 357 to 360 of reference 2. This® theory
was worked out in detail for the case of a rectangular<plate
(fig. 1b) height-width ratio 2.5 in order to determine how
many terme of the deflection equation

. v
e ow= S Z ¥a,n sin BIX g1n BT (6

"y
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would be needed to give phe buckling-load with a negligible
error, : o o

If the 14 terms corresponding %o Wwi,a, Wi,ar Wi,s:
Wa,1» Wa,zs Wa,s, Wa,7, W3,a, W3,4, Ws,60 Wa,1, Wy 51 ¥y g
! and the theory of reference 2 are used, the buckling

Wa,7 Pl
stress 18’

r

T = 5,554 En®/s®

»

If.the elght terms Wwi,zs ¥Wi,4: Wi,g: ¥a,11 Wo,30 Wa,50 ¥z, a1
W3,s are used, the buckling stress 1s s

T = 5.555 Eh?/a®

If the seven terms Wi,a, Wi,4: Wa,1r ¥a,sr ¥Wa s Wz, Wi 4
are used . :

-1
L]

5.567 Bh3®/a® SR
If the slx terms Wy, 5, Wi 4, Wa,10 Wa,3e Wy go W, , are used’.
T = 5.757 Bh®/a® "’

r :
f the five terms Wi,ar Wi,40 Wz,1, Wp,3. Wp,5 arTe used

T = 5.823 Bh°/e®

It will be noted that the computation is confined to the
deflectlion coefficients for which m + n is an ¢dd number,
while Timoshenko confines his computation to the coefficients
for which m + n 4is an even number. Preliminary computation
showed that Timoshenko's selection of cosfficients gave the
lower buckling loud for a square plate while the present se-
lection gave a lower buckling load for s plate wlth b/a = 2.5,
The reason for this is obvious after considering probable
buckling modes for plates with b/a =1 and b/a = 2.5.
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If the four terms Wi,a0 w1,4, Wa, 10 wa’s" are used

T = 5.867 Eh"“/aa

It seems probable that the buckling stress with an unlimited
number of terms would not differ appreclably from 5.554 En® /
In the following work it will be assumned that the shape of
the buckle is adequately described by limiting the summation
in squation (6) to the 14 terms w L

1,8 Ya,1¢
Ya,a ¥a,5' Ya,7r ¥a,21 V3,40 ¥ w v

Wi,20 Wi,4

w w 4,5°

3 6! “4a,1' Ta4,3? 4,7°
A% the start of buckling, the relative magglitude of the
different terms is such that w, ,, Wy o and Wy, o are
? H ]
approximately 1/4 of ¥i,a} Yi,es Wa, a0 and Va4 are ap-
proximately 1/30 of Wi,3; @and the remaining terms are less

than 1/100 of w, z. It will be mesumed in the following
work that all proaucts of Vo, n. coafficienta can be neglected

excopt those involving Wi,2+ Wa,4r ¥Wo, 15 Wg,30

Equilibrium of Medlan Tlber Forces

A suitable stress function, F must now, be chosen tgq .-
satisfy equetion (1), which expresses the :condition that the
median fiber forces are in equilibrium in the plene of the
web., If P i taken as, el .
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8

4
2 = .2
Oy CyX 5' E BT X nny
F = X + I L o1xy + by, pcos cos —<

2 2 [ a b
m=

n=o0

[a)

+ Z Ap cos BUX [ 1-p _ 21D ooih ﬂ) cosh mn(I - ;b_)
a l+p 2a 2s a e

n=3, 4

+ mﬂ(z—— L sinh mﬂ(.z- ..P_ ]
a 28 a8 a8

+ ? An cos ZUX [ 1-p .. omd sonp m2_1ﬂ)_) sinh mﬂ(l - 2\
_— a _ a

- a 1+ 2a 2a /
m=1,3
+ mm (Z.. l) cosh m'n(-z-l
a 28 a 2a
+ T B, cos 20Y - _ ama . 4 Eﬁ) cosh nam{ X . _a_)
i ~ b 1+ 2v 2b b 2b

n=3,4,86,8

+ X . iL) h (5&- jL)
n"(b 2p) einbh am (£ - =

+ B, cog BTY l-p _ nma . L RTa inh n (.’.‘. - ..'?’..)
Z n B 1+t 2p oy ) ® T\% ~ 3%

D=1,3,5,7

+nn<£~.?'_.)cosh nn‘(.x.-.-f'_] (7)
b 2b b 2b

and 1f equations (6) and (7) are substituted into equation (1)
with only products of ¥ias Yz, 1 Ws,3: &nd Wi1,4 rebtained,
1t 18 found by a method shown in reference & that equation (1)
is satisfied when
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bo,0 = 0

bo,2 = ﬁ%@ (-4wy 2wy, 4 + 8w3 1" - 16wz 1wy 3)
0,4 = T5eg (64wz,1wz,3 + 8wy, 3®)

bo,6 = FEe—g (36wl 2wy 4 + 72wg z°)

bo,8 = zagy (32w1,4%)

b1,1

s5ga (-9w1,2w3 1-w1 awa 3-25w1,4w3,3)

Taep (35w 2wg,1-49%) 4wz )

NACA TN Ko.

=

s"z‘.s'“."o (49wy gwa;3 + 81wy 4w3 ;)
Tg'ﬁ (8!1’3a + 32'1’4')

53g 5 (36wW1,2w1,4)
361 (~4w1,2v1,4)

3055 (35w) owg 1 + 49wy gwy 3 + 121wy 4wp 3)
Takg (-9w) awg o + 8lwy 4wp 1)

2355 (~"1,2%3,3 - 49wy 4¥3 1)

550 (—25\11,4'2,3)

sinp (8¥3,1% + 73wy 5°)

é’“gEéTg (64w3’1w3,3)

meaz (-16%g,1wa 3)

O3 b4,8 =0

O whenever m + n is an odd number

1009

(8)
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Boundary Conditions -

The condition that the edges of the plate be simply sup-
ported is automatically satisfied by equation (6) for the
lateral deflectlon. .. Ce

The condition that the edges of the plate act integrally
with the supporting struts and flanges of the beam regquires
that the strain at the edge of the plate be equal to the
gtrain in tHe supporting strut or flange., This condition will
be used to determine the remaining coefficlente Tog, E&. Ap,

B, 1in equation (7).

The edges y = 0, y = b (see fig 1b} are considered to
be supported by flanges so heavy that they do not shorten un-
der load. The median fiber strain in the x-direction at the
edges y = 0, y = b must, therefore, be zero,

(,ex')y=0. y=b = 0 (9)

The edges x=0, x=a are considered to be supported by
struts having 1/4 the area of the shest, that is, ah/4, If
the compressive forece in the strut is denoted by ¥ (P 18
a funetion of y), the median fiber strain in the y-direction
at the edges x=0, x=a must be,

4P
(€y|)x=0’ x=g = - —_a,hE (10)

Since there are an equal number of web bays and struts in the
middle portion of the beam, the compressive forece in a strut
must equal the vertical tensile force in a web bay, or

&

P =:j/’ k oy &x (11)

¢}

Substituting from equations (3) and (7) into equation (11)
and performing the indicated integration gives,
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- dtwh nmwa nny
P = ah gy + —roieo ji nB,. sinh —= cos —= {(12)
Y op(1 + w) : n 2b b
. n=2a

Substituting equatlon (12) into equation (10) gives

&8
R .. S ? B, sinh BU2 cog BTY (13)
¥y abE(lﬂL - b

e o

(€ y.-'>‘I'=O, = - Py

x=a

The. ;fact that the summations in the series expansion for F,
equation (7), have been limited to m.= 4 and n = 8 makes ..
i1t impossible to satisfy the boundary equations (9) and (13}
identically. Except for a small varlation 1in strain o£ a ..
frequency higher than the fourth harmonic in x and eighth
harmonic in y, however, i1t can be shown by expanding ¥

into trigonometric series and by substituting equations (4),
(7)), and (8) into equatione (9) and (13) that equations (9)
and (13) are satisfied when,

-
-t

1
L
e
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Bs

;E, (0.2408w1, 2° + 0.7242w) 4° + 0.3588w3 1% + 0.6810wp 3°)
= E.% (1.310w1,2° + 1.463w) 42 + 5.048wp 12 + 5.150w3 3°)

E
= o7 (—0.3743!?‘1’3'3’1 - 0.5940‘1’2"3’3 - 0.1770!’1’4W2’1

0. 7598“1’4'2’ 3)

E
10%

(34'26'1,2'8,1 - 51.4”1,2'2,3 - 1.758"1,4'2,1 -+ 39.99'1,4'2,3)

- B 2 _ s _ 8 _ 2
'i-—.; (-31.46'1,3 75.92"1’4 7.900'2’1 9.409'2’3

0
- 24.46'1,3wl’4 - 2.159.3,11'2,3)
= 153 (-0.1173w; g° - 0.4133w 4° - 20.84wp 1® - 0.09173wg 3°

+ 43.67wy 2wy 4 + 60.76‘2,1W3,3)

= Tg‘! (1.513W1,3'3’1 + 3.533'1’2'2,3 + 3.745W1’4W3’1 + 11,56“'1,4'2,3)

E
='i'63 ('—6-336'1’2"3,1 - 3.566“1’2'8,3 - 6.529'1,4'2,1 - 4.368'1’4'3,3)
-ngv (-15.97wy 2" - 35.70w; 4° - 68.87wg 17 - 472.8wy °

+ 9.950!1,3w1’4 - 306.7!!3’1!2’3)

E
=T70° (-53.13wy 2° - 7.940wy 4* - 1.003wg 1® - 2.237w3 3
~- 2.510w1,2w1 4 - 435.6wz,1w3 3)

_E
=305 (—11.24'1’31!3,1 ~ 6.647w1 w3 3 + 93.90wy 4wz 1 - 37.83‘!1’4"2’3)

- 8 a a : 2
=10° (-3.450!1’2 - 12.01'!1,4 - 1'677'2,1 - 399.7!,3,3

- 158.3w1 awy 4 - 2.320‘3,1'2’3)
E
3? (—9.?77’.’1’2'2,1 - 21.75"1’2'2’3 - 4.193'1,4"2’1 + 112.33"1’4'2,3)

=S (-5.152w F - 148.0wm & - 3.775wz ° - 8.756wp

- 5.48%1’211’4 - 4.772‘2,1‘I3,3) _

11

. (14)
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The struts and flanges are considered to be stiff enough
in bendlng to keep stralght the four edges (x=0, x=a, y=0,
y=b) of the plate. Hquatlons for the u and v dlsplace-
mente, in the x and y directions,regpectively, can be ob~
tained from page 322 of reference 2.

-
e 3(8) ]
d 1 /ow\8
g-:-vr- = Cy' - "5 "a—;) ? (15)

81 L, 9¥ . y_ 1t _ oW JW
Ay ax xy ox -y .J

Values of u and v can be obtained by substituting equa~
tions (4), (&), (7), (8), and (14) into equations (15) and
integrating., This glves for the values of u and v at the
edges of the plate

g . >(16)
(v)g_y = 2.683 7 x/8 - & (}.504v1,33 + 4.536w,

+ 3.242v, ;% + 4.257va’33)

~

It 1s seen from equations (16) that the edgee of the plate,
correspondlng to =x=0, x=&a, y=0, y=b, satisfy the conditlon
of remaining straight after buckling has started,

Bquilibrium of Latersl Forces

BEquation (2) expresees the eguilibrium between the com-
ponents of the membrane forces in a direction perpendicular
to the plate and the opposing forces developed by the plate
because of its flexural rigidity. The fact that the series
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expression for w, equatlion (6), has been limited to 14
terms and the fact that only those square and cubic products
involving the 4 biggest terms in w are considered, make it

impossible to satisfy equation (2) identically. Except for
small unequilibrated lateral pressures of high order, however,
1t can be shown by expanding F 1into trigonometric series
and by substituting equations (6), (7), (8), and (14) into

(2) as is done in reference 3, that equation (2) is satisfled
when the equations in table 1 are satisfied. As an example

of the use of this table, the-first equation is

0 = 24.26w, ,h® + 5.689v, , Ta®/E - 10.24w, 5 T a?/E
2 . (17)
~4.083wy sTa /B, . . + 28.13w,; % + 0.04156w; o%w; 4 + . . .

Shear Load Carried by Beam

The beam (fig. la) supports a shear load Q. At any ver-
tical section through the beam this load is partially carried
by shear in the web and partially by shear iIn the flanges.
Part of the shear in the web may be considered as due to the
diagonal tension after bduckling,

Making use of the fact that the flange bending moment is
the same at egach strut point, the shearing force in the upper
flange is o :

D_'a N . R a

E ' 1 1 , S -
j/l h(oy )y=b ix - E:/F h(oy )y=bedx _ (;8) '
L X L SR £ [o} . R

and in ﬁhe lower flange is

é_‘ e Do . a T
1
;f h(cry')y=o xdx 5/ h(O‘y')y=o ax (19)
o . : x S . T A »

where the shearing force in either flange is considered pos-
1tive if it tends to support the external load Q directed
as shown in figure la. The shear load carried by the web is

b

..f h_'rxy’ .d_.y__j R E (30)
Yo
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Adding equations (18), (19), and (20), substituting for o'
and Txy,' their values as given. by equations (3), (7, (8?.
and (14), and integrating gives

Th - |
Q = ~7vn + 2R <~1.352w1’2w3’1 +2.427v, W, o

- 0.540'610«1,4'\'.'8,1 - 3.474w1,4w2,3

) (21)

Shearing Deformation of Beam

The shearing forces acting on the end of the beam cause
it to shear downward ag shown in figure la. The amount of
the downward displacement 1s given by equation (16) as:

- IX - ¥x; V= z
(v)goo = 2.682 2% = ¥x; ¥ = 2.632 ¢ (22)

where Y 1s the shear deformation of the bean,

Bffective Width in Shear

The loss in shear stiffness of the beam after buckling
may be conslidered as a loss in effective width of the sheet,
Define the effective width ratio in shear for a glven shear-
ing deformation ' ¥ as the ratio of the ‘locad Q sactually
carrled to the load Tbh which would have been carried in
the absence of buckling. The effective width ratio is, there-
fore, ’

Effective width ratio = Q/(-Tbh) (23)

Substituting the value of Q given in eguation (21) and
b = 2.5a gives '

. . |
B B ’ = - —— -
ffective width ratlo = 1 - — ( 0.5408w; W, o

# 0.9708w; Wy o - 0.2162w, ,w, , - 1.390w1’4w2,3> (24)
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Compreseive Foerce in Veriical Strut

After buckling of the web, the diagonal tension fleld
tends to Araw the flanges of the beam together. This action
is resisted. by the vertical.struts. The magnitude of the
resulting compressive force P in the strut 1s given by
equation (12). Substituting for Ty, Bz, By, Bg, and B,

the values given in equation (14) gives

Eh
P 2:.{Kp.2gosw1,aa + 0.7242w, ,@ + 0.3588w, .2 + 0.681w2,33>

+ cos EEI.<}°'°°145“1, 2 - 0.00508w, ,2 - 0.257w, .2

2
- .0.00113w, 52 + 0.539w1,3w1,4 + 0-750Wg,1Wa,3>
f‘cos 4my <-0.9488?1,33 - 0.00744w1,43 - 0.00094W2,1a
- o.ooéog;;:;3 ;.0-00355;1,a;1,4 - 0-408"2,1“5,3>
+ cog BT¥ (_0.00171w1§22‘--0.90597W1,4a - 0.0083wa’13
- 0.1489w, ,® - 0.0786w, w, , - 0.00015w2’1w2,3>
+ cos BTF <_o.661é0w1,aaﬁ4'0;0345w1,42 ;-o.ooosswa,la
- 0.00204w, .2 - 0.00128w, w, , - 0-00111"3,1“3,3>}

R ey

(25)" -
Stress at Center of Shear 3Bay

The median fiber siress at the center of the:.plate is
obtained from equations (3), (7)), (8), and -(14) by letting
X = a/2, y ;.b/z. Thie gives - .
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N\
= (0,94978v3,2° + 0.2200w;,4® + 10.11wa,s

—~
(o]
[
~—r
~
it
]
S~
[oV]
]

LEPLEE T

+ 10-14'5;53-~4075638w1,3w414f{ 30.23w3’1w2$9

E £ .-. _. . ' ‘. ..
- (1.032w5,,2 + 3.890w,, 4 + 0.2986ws 27

t .
(oy )x—a/Z = = |
y=b/2 iE ' . > (28)
£ a
[ - l'llGWB,E - 2._-.8.:72w1’3w1,4 + 1.357“’3,1\?3,3)
[ - E
(Tgy )x=a/2 =T - = (-5.305w1’awa,1 + 1.954wy W5 g
y=-b/2 . e .

+ 8.223wi,4wa’1 - 6.549w1’4w3,3>

J

The bendiﬂg stress at the center of the plate is obtalned
by substituting equation (6) into squatione (5) with =x=a/f2, .
y=b/2. This gives

(") = 6.482(Eh/a?) Sﬁ v. (n?+0.050602°)sin BT gin azj
x ‘x=a/2 L L/l e, 2 2
y=v/2 !
’ 3 ST, T a . A,
(o ") = 5.482(&n ;ﬂ 0.16n +0.316m )sinEBlginl®
¥ 'xea/2 /= ’E_“m-n( 5 JoinSleintl P (27)
y=b/2 - m o L
T N | - Eh/a® X‘ BT 4o BT
( xy" )x=a/2 = -1. 500( h/a ) L, mnw p €08 == cos I
y=b/2 ' n J

The equetions_ (27) show that all the bending stresses are gero
in tha,prepegt problem. This result can be derived also by
direct inspection of (6), noting that @ + n 18 odd and that
consequently the point =x=a/2, y= b/z“ mugt lie on & nodal '* 7
line, ' -
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Stress at Corner of Shear Bay

The membrane stress at the upper corner of the plate
x=0, y=b, toward which the diasgonal tension buckle points is
obtained by substituting equations (7), (8), and (14) into.
equation (3). This gives .

E 2 )
A I (~0.1801w, .3 - 0.7200w, .2 - 0.0491, ,
y=b
- 0.3361w, ,® - 0.5827w; wy , - 0.8146w,, 3Ws g
+ 0.19'7‘1»:1’:_,)«3,1 + 0.561lw, o¥wg,s — 0.1613w1’4wa’1
- o.aossw1,4wa,3>
E
t = (. 3 _ 2 o . 2
(05 == ( 0.7124w; 52 - 2.592w, 2=~ 0.1627wa,; > (28)
y=b
- 1.899w, ;® ~ 1.918w; gwjy,4 - 1.233wy 1Wa, 5
+ 0.3037%7w, gWg,1 + 0.744Bw; gwg,3 ~ 0.0644w; 4wa, 1
+ 0.1524w1,4w2,3>
(7 1) = T ‘ . i
XY "x=0 -
y=b )

The bending .stress at the corner of the plate is obtained
by substituting equation (6) into equations (5) with =x=0,

y=b. This gives gzero for 'O " and 0&“ at x=0, y=b and

" /a2y
(Tgy )x=0,y=b = ~1,500(Eh/a”) Ej}: mawg n cos am  (29)

n n
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Principal Stresses

Thes maximum and minimum principal stresses may be deter--
mired from the stresses Gx,‘cy, and Txy by the equations: i

on page 19 of reference 4

2 \/fl) | -

~ (30}

Omin
max

Tyrr - N
fan 2 = 2w X
\-)x - ':‘}r

where a 1is the angle betWeen the x~axis end the direction
of a nr1n01nal -atress.

TTMERTCAL SOLUTIOH

Deflection Coefficients

The deflection coefficients are obtained by solution of
the simultaneous equations in table 1, such as equatlon (17)
These equations were solved for walues 2 < 7.Li EN 2b/a® by &
method of successive anproximation, using the follow1ng steps:

1. Divide emch equation by h°.

2. Estimate values of T&°/EW°, w,i/h, wi,5/h, wa,1/h,

vwz,3/h, Wa,s/h, Wa,7/h, W,z /b, wa,e/b, Wwa,e/h, Ws,1/h, ws,a/h,
4,5/h, and W4¢7/h, corregsponding to a given value of
Wl,z/h-

%. Expand-the right-hand sidea_ of .egch of the first four
equations in a,Taylor series in Ta /Eh i wi,é/@h W 1/@h
Wo 3/h in ‘the.ripgh¥orhood of the estimated -velues, retain- ~°
irg all the deflection coafficients in detcrmlnlL_ the con-

stant term.

L. solve the resultxng four linear eqzations for the
differonce betwsen the chosen values of T&° /Eh?, W, 4/h
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wa 1/ . /h "and the improved values. (Crout's method,
freference 5) was used for this Y. s

5. Substitute these 1mpréved values into the remaining
equations of table 1 and solve for the remaining deflection
coefficients by successlive approximation.

6. Repeat, using the 1mproved1values as‘an initial estil-

mate until the estimated Error rs 1&3& than, 1/2 percent
oW A= c) e o

The convergence of this methqd was slow because ‘of the
large number of variables fnvolved. - In order to improve the -
convergence for values '’ Q >'7;44 Ehsb/a the smaller deflec-
tion coefficiént's were approximatedfhy the ratios of thelr

values at Q = 7.44 Eh®b/a® by taking wy,e = 0.424w, .,

wa,s = -0, 189w3 g Wy, p T ~0. 087w3 3" w§ s = -0, 872w3 a1
¥3,6 -0, 184, e’?W4 i” -0. 054V3 a'-Ye,s .0 039w3 2’
Ve, 5 = 0.033w,, e':w4 5 = 000R7w,. 5. -and; proceeding as before

except for including tﬁe.firsﬁ five equations of table 1 in
steps 3 and 4 ang. deﬁermlhing the  tehaining deflection coef-
ficients from-the gbbve llnear reletions rather than fron

step 5. The convergence uefng this -method was raplid; one or
two trials usually SWere shﬁ%}cb ent .to .giwve. an accurate answer.

e s '.-.;:' oy et

The resu%ts qre "gfvEd Fable 2 :for values qf the shear
load Q up to about F&ir “tii'més the reritical valis. ‘for buck-
ling. The value of ¥ was computed from T by using ‘equa~-

tlon (22); Q wag, cqmguted gieT”rT{ ?¥,a- LOUPUI S and
Wy, 5, DY.using equation (21 s
. § 9, o d '.:-:' , o . — e .
5 ¥ . L":(f 3.-1 s r ".E'.f,‘.":-"i-.-" s
) Me&ian Fiber Stresee§ at Genter of Shehr Web
_' e o %2 e

i8¢ Feati e

The mediwn fiver, strgseeﬁ at the cehte? of the shear web
were comphtied from. equatians,la§) ang “%a’ble 2. The bending
‘stresses ‘a2t 4het center of. the, jla%é'were séen "t'o .be zeroc from
equation (27). The maximum and minimim principal stresses
were then computed from equation (30). These stresses are
given 1in table 3 gnd are plotted against the shear load @
in dimensionless ?orm ‘in "Figdre B lzaemn

e As might be 3xﬁec€edrothe7maximum :prineipal. stress (cor-
-sespoqd{ng to tedsion” aleﬂg“the wminkle) continues o rise
after; buckliﬁg,_while the mintinug., Prineipal stress (corre-“
-sppnding to compréssion ?croes*ths wrink;ep) decreases slowly
g 8 2m rosn b

Y
AP RN TIRE LR .t
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after buckling at Q = 5.54 Eh®b/a®, The direction of the
maximum principal stress forms an angle of 45° with the
flanges at the buckling load; however, this angle drope to
32° 34' at the highest load considered.

Stresses at Corner of Shear Web

The stresses at the upper corner of the. shear web toward
which the wrinkles point {(x=0, y=b)} were computed from équa-
tions (28) and (29) and table 2. The maximum and minimum
principal median fiber stresses were then computed from equa-
tion (30), These stresses are given in table 4 and some of
them are plotted againgt lecad Q in dimensionless form in
figure 3.

FPigure 3 shows that in the corner of the shear web, the
minimum median fiber stress (compression) is about 30 percent
larger in absolute value than the maximum median fiber stress
(tension)., This is in eharp contrast to the condition at the
center of the shear web (fig. 2) where the tension is much
larger than the compression, The bending stresa at the corner
(fig. 3) 1s about half ae large as the median fiber stresses.
The angle of the maximum median fiber stress in the corner
(ftg. 3) changes from 45° at buckling to about 43°% at the high-
est load considered, This is a much smaller change in angle
than was found in the center of the bay (fig. 2).

Shear Deformation of Beam

The shear deformation Y of the beam and the shear load’
@ are given 1n dimensionless form in table 2. They are plot-
ted againset each other in figure 4, It is seen from this fig-
ure that the break in the deformation-load curve at the buck-
ling load, Q = 5.54 Bh®b/a® 18 not very sharp. The stiff-
ness, as indleated by the'reciproeal of the slope of the
deformation-load curve, shows a drop of about 15 percent after
buckling. : )

Bffective Width of Sheet

. The effective width of the sheet, corresponding to the
width of unbuckled sheet which would give the same shear de-
formation as the actual buckled sheet, was computed from squa~
‘tion (24) and table 2. The ratio of effective to initial
width is given in table 4 and ie plotted in figure 5 against
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- -

the shear deformation ratio -Ya®/h®, Figure 5 shows that

the effective wldth decreases slowly with increase in shear
deformation. A4t the maximum deformation considered, sbout

five times the deformation at the instant of buckling, the

effectlive:’ width ie s%il& about 86 percent of the 1initial

wldth. )
: '1:-_"_3__. T e :
Gomﬁr% sive Force in Strut
The diétribution of compreseive force P along the

strut was cofiputed from equatién._ (12} using equation (14) and
table 2. The resulte ‘are plqttei in dimensianless form in
figure 6 for "g'z'9. 30 ﬁh b/a&. hThe vg@iation in compressive
force, P, along the strut is quite pronounced, the force
being more than three times as large, at the 'center as at the
ends. Thiy is a much larger variation than was found in ref-

erence 1 for a squere shear web.

The maximum force y-b/z wag computed for vearlous loads

end is plotted in dimensionless form in figure 7 as a function
of load Q.. The increase in atrut forcde with load is nearly

lfneer after ‘bycKling at . Q = 5;54 E'h"-"‘b/a.i .

s o =1 PREEHE Ta I
iirj?az- ; i "i? ire lums 2T as
O Gﬁmgérieon with Results fer Sheéf Ueb )

ol o oIy . T
: toT . Having Square Baysc(RsﬁeTence ity AR
P - i e mang N

The above results for a 2. 5 1l rectangular shear web with
reinforcement ratio 1/4. are compared in figures 8, 8, and 10
with the corresponding resulfs giveh in reference 1 for a
square shear web with the same reinforcement ratio, OCurves A
are taken from the present analyeis, while curves B are taken
from reference 1. Figurs 8 shows that-.the diffef&née fn shear
defoﬂmavion for’ the deep webdb and -for -the squaretwéb” d8es ﬂot
exceed ‘2 ‘pefcent. Figure 9 -shows that ‘the aiffé¥erce in
strepsés &t ‘the corners in line with the diagonal tension
wrinkles (subscripb 2) does not exceed JO'ﬁerebhﬂ“-While the
stresses at’ the center of the .desp web (shbscrlptll)”are up
to 20 percen% smaller than those for. the. wgnate web” ‘Figure
10 shows'that the force at the center:of:the BtTht +b! nforcing
the deep %eb is about 30 percent greeter‘at the hi%h% % load
than that for the square web, . e

. '
C. . L dne. a2
R . P ‘4 . P N

. sr? oven a1

P T , S .

R haof mat:

4q-nh" ERA
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Gomparlson with "Tengion Field" Theory

The curvea 0 in figures 8 to 10 were computed from Kuhn 8
semiempirical analysis of shear webe in incomplete diagonal
tensldpn. (reference 6)., The shear deformation (fig. 8) is
about 10 percent greater by Kuhn's analyels than by the pres-
ent analysis; the median fiber tension at the center of the
web bay (fig. 9):is up to 12 percent greater by Xuhn'e analy-
sls than by the present analysie; the median flber tenslon at
the corner of the:wed bay (fig. 9) is up to 37 percent greater
. by Kuhn's analysie than by the present analysie; and the force
at ‘the middle of the strut (fig. 10) is. about 16 percent less
by Kuhn's analyeis than by the present analysis. Phe compari-~
son indicates that Kuhn's analysise 18 more conservative than
the’ nresant analyaia except for strut force.

The curves D in figures 8 to 10 were computed from
Langhaar's analysis (reference 7) which takes account ‘of flange
and strut stiffness, but neglects the effect of Polgson's
ratio (pu = 0). The shear deformation (fig. 8) is up te 80 per-
cent greater by Langhaar s analysls than by the present” analy-
sls, the medlah fiber tenslon at the center of the wed (fig. 9)
1s up to B0 percent grester by Langhaar's anelysis than by the
rresent analyeis; the median fiber t ension.at the corners in
line with the diagonal tension wrinkles is up to 90 percent
greater by langhaarta analysis than by the present analysiasg
and the force at the middle of the strut {(fig. 10) is about
four times as great at the highest load. The conmparison indi-
cates that Langhaar'e analysis ie more conservative by & large
margin than the present analysils.

'cqucLusxous‘

The analysia of & rectangular shear web with a height to-,
width ratio 2.5 reinforced by strute with,a we;ght egial to .
one- fourth the weight of the web 1eada to tha following réaults.

The maximum prinnipal atress at’ the center (corresponding
to tension along %he wrinkle) continues to rise after buckling;
while the hinimunm principal gtreds” (cbrresppnding to compres-
slon perpendicular to the wrinkles) remains constant and then
decreases slowly with inereasing load. The direction of the
maximum principal stress at the center forms an angle of 45°
with the flangee at the buckling load; the angle decreases with
increasing load; 1t i1is only about 32° at four times the buck-
ling load.
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In the corners of the web that are in line with the di-
agonal wrlnkles, the minimum median fiber stress (compression)
is about &0 percent larger in absolute value than the maximum
median: .fiber stress (tension). This is in sharp contrast to
the conditlion at the center of the shear web where the ten-
sicn is much larger than the compression. The bendlng stress g
at the corner is about orne-half as large as the medfan fiber
stresses. The dLrection of the maximum median fiber stréss
in the corner changes from 45° relative to the flanges at
buckling to about 43° at four times the buckling load. :e¢=;7

The slope of tﬁe ghear deformation - load curve shows an
abrupt decreese in shear stiffness of about 15 percent at$he =
buckling load i _;

4

The effective width of the sheet drops off slowly as the
buckling load is exceoded. At a shear deformation of Ebtoutl |,
five times the buckling deformation the effective width ds
still "86 percent af the 1nitial width.

»,

Poeriel
The compressive force in the strut is about three - 'times
a8 large at the middle as at the ends. This ig a much ‘larger
variation, than was_ found in refevence 1 for a square- shéar
web; it dg probabiy caused’ by -Mgugset! action near the ends
of the relatively longer struts reinforcing the rec%angular .3
web. *The increase in strut force with load was roughly lin-~

ear, .., e~ - . i .
. > . ;"""“‘r-::-_r 3

-

Comparison with the corresponding analysis Qf reference
1 for square shear bays shows agreement within 2 pereeént for
shear deformation. The stresses at the center and corners
and the force in the middle of the strut differsd by not more

than 30 percent.

. Comparison with the diagonal tension field theory as de-
veloped by Kubhn indicates that Kuhn's analysis 1s up to 37
percent more conservative than the present analysis except
for strut force, for which the present analysis 1s more con-

servative.

Comparison with the diagonal tenslon field theory as de-
veloped by Langhaar indicates that Langhaar's analysis i1s much
more conservative than the present analysis; the difference is
of the order of 50 to 400 percent at the largest loads.

National Bureau of Standards,
Washington, D. C., June 30, 1945,
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TABLE 1 - IQUATIONS FOR DETLIOTION OOEFFIOLINTS
[Bu Equation (17)]
o= = O 0= Ou o= o=
2 2 3 3
T T
w1,z | 24.280° ° s.689° ¢ [-10.24 5 o 4,085 T
. T3 2 a 3
4| O 11¢.3% 2.276% | 1 3% ) -18.06T% -7.2000%
3 3 2 3
m, | o o 14638 .eess  [413.28 as.z-;"ln 8757 %
Ta3 Tad Ta®
wz,1 | 5.e85°§ 2.276 ¥ | 158.1n° 0 1.483 1 0 o
Tal s
3,3 [-10.34 4.6 ) 268512 5.888 3 ) )
) 2
va,5 | 4.083F |-18.08T% 0 ° 3.3 577.2:° 0
2 2 3
3,7 | -3.685° | -7.2407% 0 ° 2757 e 0 136407
. Ta® a 2 a
va | O o -10.24-§ 18453~ ) 7.314% 4.7797%
. 3 3 Tas 2
¥, | O o ~.0sey  [-ae.33T o 341373 13,058~
3 2 2
ws,6 | © 0 -a.sa:s";;z# -10.2¢T% 0 41,9978 406375
Ta8 < 2
w,1 | 2.3%8°% 9108~ 0 0 .6851 73~ 0 0
2 2 2
w5 | 406G | senT 0 0 2.3 | o 0
2 Tl 8
w5 | -1.635F | —7.5a54 o o s.208% 0 o
2 2 3 .
ve,7 | -loss | -2e8T- | o o 11,082~ ) )
'1’33 23.13:m 2 .01385'1’5 86.32wg 1 23.81wg 9 -8.368w) 2 —23.78wg 1 -.1858wg 1
'l.ga .0&155'1" 68-52'1" 35.91'2‘3 33.‘9'3'3 “.32’1" “112'3,3 -28.75w3.3
43| 007y | 79.0my | 175.5wg ; 1.780w5 | -00a4dmy (| .o70mmy , | ss.adwg,
1,42 68.52my 3 1672wy 2 1.760v3,3 |213.1wg 3 8.338w1 3 73.56w3, 3 3.377m3 3
2
v3,.%| 85.22w; 5 |-se.amey ;| aws.owp,  [me.7Ewg -.8020w; 5 | -.000971wg ;|  -.00z808wg
v3,13|-88.37w) (  |176.8w; ., |-G99.2%5 5 |e07.ewy 4 -88.73my , |-303.4wy 5 -.007290w3 5
l'g,sa 86.49'1.3 36.39'i'3 .03106wz, 3 a34.0xg 3 -5.814w3 3 -0728%w3 3 .01?65'3,3
'3"38 33.29'1’4 313.1'1", 607.5"3,1 .06318'3'1 —7.339"1,‘ 316.@3,1 4505.1'3.1
¥y g¥ oW 0 e -118.5 120.5 0 85.23 -60.97
1,5%1,4%3,1
*),5%,4%3,5 | © o (180.5 73.38 0 133.1 1.262"
w a1, | 47-82 120.5 o ) L145.8 ) 0
*1,473,1%,5 [120-5 3.530 o 0 as3.9 o 0




TABLE 1 (Continued)
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o= o= Om 0= o= o= [
3 2 2 3
m,a| o 0 0 29767 | ~.008TE 1.6 -1.0827%
Ta? nd Tad a3
wia| O o o .91087% 5.851 T} -7.585T% -3.806 T~
d g T ™3 b
w6 | 2 o 0 .se51 T3 2.3767F 9.308Tp- .05~
2 2 3
™ Ta' Ta'
v3,1 -10.34 x -4.096T -3.533T [+] Q Q [+]
3 a8 2
wa,s | 18.43%% -28,537  |-0.34TF- 0 o 0 o
a 2 ;
va,5 | 7.56F | masF |-seeTF ° 0 0 0
3 3 3
TR et §
va,7 | 479 | 12.087 4083 ) 0 ) 0
: 3 3 3 a
3 : ™ ™ T
3,3 (8238.50 o 0 w.esf  -ze.nT -10.457F -8.837-1
120803 a3 n? med T2
w34 | O 1308N o 5.851T% 3v.63} 40,7675 -18.637%
2 N1l s mad nt
w36 | © ° 19650 ER L 14,6377 68,0477 70,8973
2 3 2 .
™ ™ ™ 3
w1 | 14673 6.851 3 s.763— | 23sEn 0 o o
28,5378 .6 .63 0 37430% 0 0
Y,3 |73 °0-547% it
3 2 3
a3 il 7 3
w5 |-10.46°% 48,7811 50.84 7% 0 o 3807’ o
3 2 2
s T = 3
w7 | -6.837% 18.63%  |-70.89TF- ) ) 0 5196n
'1'33 -3.703!1" -.NQSOII’Z -.3509'1" 8.76‘!’3.1 1.913‘3’1 —.05‘47'3’1 —-mha'l
wy,2%| -.2837w 4| -10.04wy 3 -.1618w) ¢ | -14.3%w3,5  |-13.36wg,3 ~.410lwg 5 | +.02303w3 3
) :
wy,8| -.604zwy | 4086w 4 - 1060wy , | 47.36wg, | -1.608wy, | -l.%0ewy , |-il.36wp )
'1"8 —40.60!1,3 —.63?3'1'3 -‘.871‘1.3 -3.5'.133’3 —41.93.3.; -10.0"3,5 -.90‘79'3,3
sl -
wg,1%| 87.42w 5 | -15.13w 4 l.882w, 5 | -1l.386wp i8Gegy | 0610wz | -.0886wg,;
wa,13|-60.40wy ¢ | ST.21wy o |-43.10w 4 7.372wg 3 | -8.987wg 5 .8521wg 5 | -.0l417wy 3
2
wg 57| 39.79wy 5 | 11l.24my 5 -.9001wy 3 | -.07361wg 5| -1.004wp -.1597wg 3 .001370w3 5
3
wo, g0 |l18.0w [ 113.8w; -1.018wy o | -18.13wy ) -.0783w, ;| -1.037wg .903%wg |
»1,2%,4m,1 | © o o 28.11 6.650 7.463 LTS
wi,2",4"3,5 | © o o -38.47 -53.60 -39.94 -.7135
w1, %2,1%3,5 | 56.17 56.97 -25.88 o 0 0 o
w1, 4%3,1%3,3 |101.5 11.02 90.47 o 0 0 o




Table 2 -~ Values of deflaction cosffioients ms & funotion of apparent shearing dsformation ¥ or of shear load Q

|| DE | BE| B ES| PO R RO VS| RS B[ R W) B2 s
F.5% 0 -5.54 0 V] 0 0 0 0 0 0 0 0 0 0 0 0
5.56 | 1%.62 | ~5.55| 0,050 |-0.010 {0,010 | 0,006 |~0,003 |=0.001 | 0.000 | 6.000 | 0.002 | 0,000 | 0,000 | 0.000 | 0.000 | 0.000
5.61 | 14.78| -5.61| .100 | -.020 [ ,020| ~,032 | ~,005 | -.002 | .000 | .000 | .003 | .00L | .o00| .o0L| .000| .00O
5.7 [ 15.16| -5.76| .200 | =.0M | 039 | =.065 | -.011 | -.,00% [ -,000 | .000 | ,007 | 002 [ .o01| -,001 | .000| .00O
6.00 [ 15.90| -6.0%| .300 | -.08% | 057 | =.100 | =.017 { -,007 | =000 | .000 | .022 | ,003 | ,001| ~,001 | -,001| .000
6.32 | 16.88| -6.M1| 40O [ -.092 | .O7H| =183 | -,025 [ 001 | ,o000 | .OOL | 014 | .00% | 002 | -.002 | -.000 | ~-.000
6.80 | 18,31 | -6.95( o500 | ~.132 | 086 | =196 | -.0% | -.008 | .o0% [ .002 | ,029 | .0O6 | ,002 | —,002 | -,001 |~-,000
7.10 [ 19.21) ~7.30| 550 | -.358 | .090 | -.228 | -.,OM2 | -,018 | .008 | .00% | ,O37 | .007 | ,0O2 | -.002 | ~.001 | -.00L
7.84 [ 20,20 | -7.68( .600 | -.182 | 008 | -.260 | -,089 | -.022 | .o009 { .008 | .O%3 | .0087 003 | -.002 | ~.002 | ~.00L
7.82 | BlL.36 | -8.12| .650 | -.209 | 096 -.295 | -.058 | -.025 | .01l [ .005 | .O50 | .009 | 003 | ~,002 | =,002 | -.002
8.2% | 22,68 | -B.61 | 700 | =.239 | 098] <.3% | -.068 [ -.029 | .013 | .006 | .059 | .OLL | OO | -,003 | ~.002 | —,002
9.30 | 25,91 | -9.% | .800 | -.300 | 097 ~-.H2M | -,093 | -,0h0| L0088 | 008 | .o81 | .015 | .005 | -, =.003 | -.003
10.60 | 29,98 | ~11.79 | .900 | -.395 | .092 | -.53% | -.126 | -,05% | .02% | ,o11 | 110 | .0Z1 | ,OOT | -.005 | —.00% | —.003
12,22 | 35.08 | -13.33 | 1,000 | =480 | 083 | -~.652 | ~.271 [ <073 .032 | .015 | .,1k9 | .028 | .009 | -,007 | =.006 | «-.005
h.12 [ a1 -15.62 [ 1,100 | ~.585 | 076 | -.780 | -.227 | -, L83 | 020 L1971 LO3T | 012 | =009 | =.008 | -.006
16,36 | W8.32 | =18.%6 | 1,200 | -.697 | 067 | =.920 | =.B95 | -.125 | 056 | .026 | .B57 [ .o48| 016 | -,012 | -,000 | -.008
18.60 | SH.58 | =21.10 | 1,300 | ~.775 | 065 | -1.08% | -.376 | -.160| .071 | .033 | .327 | .061| .020( -.015 | -.013| -.010
21.18 | 63.93 | -24.29 [ 1.bo0 | -.867 [ .062 | <1.199 | =71 | ~.200| .08 | .0 | .m0 | 077 .025| -.018 | -.016| -.013
23.97 | 73.32 | ~27.78| 1.500 | =.959 [ .060 | ~1.351 | ~.588 | ~.o88| 11| .,o0m| 510} ,096| .031| -.023| -.020| -.0L6

8001 °“OF NI YOVK
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Table 3 - ledian Fiber Stresses at Center, Maximum and Minimum
Princival Stresses, and Direction of Maxirmum Princival Stress

Q&; .l;._a_? fY.‘_af ‘551:__3_2 ‘.’minaz Thax? 2 o
EhJb Eh? Eh? Eh? Eh® Eh?
5.55 .01 «00 =5.55 -5.53 559 440591
5.61 .03 .02 -5.59 -5.57 5.61 440581
5.74 | .12 .06 ~5.68 ~5.58 5.75 440527
6.00 .27 .15 ~5.84 =5.61 6.03 440421
6.32 .50 .27 ~6.04 =5.62 | 6.39 440261
6.80 .86 .45 -6.33 ~5.62 6.93 440 61
7.30 | .1.09 .58 -6.50 -5.61 7.28 430511
744 | 1.35 .71 -6.70 -5.61 7 .67 430371
7.82 | 1.66 .86 -6.92 -5.59 8412 43020!
8.24 | 2.02 1.04 -7.16 -5.56 8.63 430 21
$.30 | 2.94 1.49 ~7.76 -5.48 9.92 420201
10.60 | 4.20 2.08 -8.46 -5.27 11.56 410251
12,22 | 5.85 2.82 -9.29 -4 .98 13.65 400221
14.12 | 7.93 3.67 ~10.26 ~4,57 16.17 39° 81
16.36 | 10.53 - 4.75 -11.30 =3.90 19.18 37°50!
13.60 | 13.48 5.64 -12.32 -3.26 22.38 36°11!
21.18 | 17.06 6.73 13,41 -2.37 26,17 340231
23.97 | 21.31 7.88 ~14,51 ~-1.28 30.48 320341

* orangle between direction of maximum principal stress and flanges.



Table 4 - Stresses at upper corner of Shear Web, towards Which Wrinkles Point,
x=0, y=b and effective width ratio

7

2 2
1«%@ %:1%'2' %1"%3 T | T Eh? %%E o oV o
5.55 0.00 0.00 5.59 -5.55 5.54 -0,22 44°59¢ | 1,000
5.61 00 -.0L 5.61 -5.62 5.61 -.44 440501 .999
5.74 -.01 -.03 5.76 -5.78 5,74 ~. 90 440571 996
6.00 -.02 -.07 6.04 -6.09 _ 6.00 -1,38 Ado54t .992
6.32 -.0% -2 6.41 ~6.50" 6.33 ~1.89 440491 .986
6.80 -.08 -.21 6.96 ~7.10 €.81 -2,43 440441 .978
7.10 -.10 -.26 7,30 ~7,48 7,12 -2,70 44047 .973
7.44 -.13 -.32 7.68 -7.91 7.46 ~3.02 44°38! .968
7,82 16 | -.40 8.12 ~8.39 7.84 -3.36 ago34t | 963
8.24 -.19 -.49 8,62 -8,96 8.27 ~3.73 44°30" .957
9.30 -.29 - 73 9,84 -10.36' 9.34 -4, 54 440211 .944
10.60 -42 | -1.07 11.39 -12.14 | 10,65 ~5.49 440117 | 931
12,22 -60 | -1.54 13.33 -14,41 12,26 6,49 43°597 | .917
14,12 -.83 -2,14 15.é2 -17.12 14,15 -7.76 43°48!* .904
16.36 | -1.12 | -2.91 18.36 20,40 16,37 9,03 430361 | 892
18.60 -1,41 | -3.72 21.10 -23.70 18,56 10,48 430261 | 882
21,18 -1.78 | -4.72 24,29 ~27.58 | 21.09 ~12.04 43°16' | 872
23.97 -2.19 ~5.87 27.78 -31.87 23.81 ~13.79 43°6! .863

* gngle between direction of meaximum prineipal stress and flenges,
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Flange rReinforoing strut

i (ares = 1/4 ah)
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Figure 1.- Beaw under shearing force Q and typical
bay oI shear web.
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Figure 7.- Varlation of compreseive force Py=b/3 1nforuement/ratio r = 1/4. Qurve A: present
analysia, b/a = 3.5} curve B: reference 1
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NACA TN No. 1009 Fig. ©
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Figure 8.~ Maximum median fiber stress versus siearing
force for shear webs with reinforcement ratio,
r = 1/4. Curve Al: present anslysis, center of plate,
b/a = 3.5; curve Ag: present analysis, corner of plate in
line with diagonal tension wrinkles, b/a = 3.5; curve Bj:
reference 1, center of plate, b/a = 1; curve B2: Ffeference
1, corner of plate in line with diggonal tension wrinkles,
b/a = 1; curve C: reference 6, throughout plate, vh=3.5;.
curve D: reference 7, throughout plate, b/a = 2.5.



NACA TN No. 1009 Fig. 10
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Figure 10.- 8trut force P versus shearing force Q
for shear webs with reinforcement

ratio, r = 1/4. Curve A: present analysise, mid-
point of gtrut. b/a = 2.5; curve B: referencs 1
analysis, mid-point of strut, b/a = 1; curve Q!
reference 6 analysis, throughout strut, b/a = 2.5;
curve D! reference 7 analysis, throughout strut,
b/a = 3.5,



